Field-collected 229 colonies of a pemphigine social aphid Colophina arma, which has a soldier caste in the first instar, were examined for its population dynamics, reproductive schedule, and ecological factors related to soldier production. Colony size was small in July and became larger in August and on; this change probably reflects the flowering phenology of the host plant Clematis stans. Soldiers, which neither grow nor reproduce but are specialized for colony defense, were found throughout the seasons. Winged sexuparae, which migrate to Zelkova serrata and produce the sexual generation, appeared in late September. Midget first instar nymphs, which persist on C. stans for hibernation, were produced in October. Statistical analyses suggested that soldier proportion in colonies of C. arma might be related to the proportions of unwinged adults, colony size, and seasonal change. Sexuparae and midget nymphs were produced only in autumn, which reflects the overwintering roles of these morphs, and suggests that production of these morphs might be influenced by environmental factors related to the season, such as short photoperiod and low temperature.
INTRODUCTION
Some aphids are known to produce individuals that altruistically sacrifice their own fitness for the benefit of their colony mates. Such individuals are called "soldiers" because their primary social role is usually defense. In some cases, soldiers are monomorphic nymphs, and able to grow to adulthood and reproduce. In other cases, soldiers are morphologically differentiated from normal nymphs and unable to grow, constituting a sterile caste. Thus far, a number of soldier-producing aphids have been found from two aphid subfamilies, the Pemphiginae and the Hormaphidinae, where morphologically and reproductively specialized soldier castes have evolved at least three times independently (Aoki, 1987; Itô, 1989; Stern and Foster, 1996) .
To gain insights into factors and mechanisms involved in the aphid sociality in ecological contexts, knowledge of soldier production under the field conditions is important. However, such demographic data of social aphids are quite limited. There are several reports on Pseudoregma bambucicola (Sunose et al., 1991; Itô et al., 1995; Shibao, 1999) and Tuberaphis styraci (Shibao et al., 2004a) , both of which are members of the subfamily Hormaphidinae. No comparable studies have been performed on social aphids of the subfamily Pemphiginae.
In this study, we surveyed population dynamics and colony composition in natural colonies of a pemphigine social aphid, Colophina arma, with a soldier caste at the first instar. On the basis of the demographic data, we attempted to statistically identify ecological factors responsible for soldier production.
Life cycle of Colophina arma
Here we summarize the life cycle of C. arma (see Fig. 4 in Aoki, 1980) . In summer and autumn, colonies of C. arma, covered with a plenty of wooly wax, are formed on stems or peduncles of the secondary host plant Clematis stans, where unwinged adults (exules) produce two types of first instar nymphs; normal nymphs and soldiers. Soldiers are characterized by enlarged forelegs and midlegs, a short stout mouthpart, and sclerotized exoskeleton (Aoki, 1977) . In summer normal first instar nymphs grow to unwinged adults, but in autumn many of them grow to winged sexuparae that migrate to the primary host plant Zelkova serrata. In late autumn, unwinged adults stop producing normal nymphs and soldiers, and instead produce "midget" first instar nymphs. Midget nymphs are morphologically distinct from normal first instar nymphs in their small size and relatively short mouthpart, constituting a distinct morph for hibernation. Midget nymphs overwinter under the bark of C. stans without molting. In spring, they grow on new leaves of C. stans, crumpling the leaves into pseudogalls.
Winged sexuparae migrate to Z. serrata and produce sexual males and females lacking mouthpart. They molt without feeding, copulate in maturity, and produce hibernating eggs. In spring, fundatrices appear from the eggs, form globular galls on leaves of Z. serrata, and produce a large number of offspring (fundatrigeniae) in the galls. Monomorphic second instar nymphs have somewhat enlarged forelegs and midlegs, and play a defensive role. Some of the nymphs grow to unwinged adults and reproduce in the gall, whereas other nymphs become winged adults and migrate to C. stans in July.
MATERIALS AND METHODS
Insect material. Colonies of C. arma were collected from the secondary host plant Clematis stans at Fudakake, Kiyokawa village, Kanagawa prefecture, and at Kamosawa, Tabayama village, Yamanashi prefecture, Japan. Fudakake (alt. ca. 400 m) and Kamosawa (alt. ca. 560 m) are about 40 km apart, located in the Kanto area of Central Japan, so natural conditions are similar in these places. On each of the sampling dates, colonies were collected at the both places, although sometimes no colony was found at either of the places. Since the plants of C. stans were generally small, all aphids on a plant were collected as a colony. The collected samples were preserved in acetone (Fukatsu, 1999) .
Ecological parameters in natural colonies. The acetone-preserved samples were sorted in the laboratory, and the following ecological parameters were recorded for each of the colonies: colony size (total number of aphids in the colony); number of normal first instar nymphs; number of soldiers; number of unwinged adults; number of midget nymphs; number of nymphal sexuparae (wingpadded nymphs); number of adult sexuparae (winged adults); number of the other nymphs; number of ladybird larvae; number of syrphid larvae; and number of lacewing larvae. Soldier proportion for each of the colonies was calculated by [number of soldiers]/[colony size]ϫ100.
Statistical analysis. Statistical analyses were performed using the JMP 3.2 statistical package (SAS Institute Inc., NC, USA). For parametric tests, percentage data were arcsine-transformed and other data were log-transformed to satisfy normality and constant variance (Sokal and Rohlf, 1995) . Selection of variables in stepwise analysis of covariance was performed manually based on the criteria for adding (pϽ0.25) and removing a variable (pϽ0.10). All statistical tests were corrected for multiplicity by the sequential Bonferroni adjustment (Rice, 1989) . Figure 1 shows colony sizes of field-collected C. arma. In 2002 colony sizes were small (50-200 in average) in July, August and early September, and became larger (700-1,200 in average) in late September and October. In 2003 colony sizes were small (50-300 in average) in July, and became larger (600-1,100 in average) in August and on. Figure 2 shows colony composition of field-collected C. arma. In 2002 more soldiers were found in late September and October than in July through early September, whereas in 2003 soldiers were constantly found from July to October. In both 2002 and 2003, sexuparae (wing-padded nymphs and winged adults) were found only in late September and October, and midget nymphs were found only in October. Figure 3 shows the number and composition of predators found in natural colonies of C. arma. More predators were found in 2003 than in 2002. As for temporal dynamics of predator abundance, no clear patterns were recognized.
RESULTS

Temporal change in colony size and composition
Temporal change in proportion of soldier, unwinged adult, sexupara and midget nymph Figure 4 shows proportion of soldiers, unwinged adults, wing-padded nymphs, winged adults and midget nymphs in natural colonies of C. arma. In 2002 proportion of soldiers became higher in October, while such pattern was obscure in 2003. In both 2002 and 2003, sexuparae were produced in late September and on, and midget nymphs were produced in October. In both years, proportion of unwinged adults was almost at constant levels. 
Analysis of covariance for ecological correlates with soldier proportion
To infer which of the ecological parameters is related to soldier production in C. arma, an analysis of covariance was performed (Table 1) In this analysis of covariance, some of the ecological parameters appeared to be strongly correlated with each other (ex. nymphal sexupara proportion vs. adult sexupara proportion) while other parameters seemed to contribute little to the model (ex. predators). Thus, in an attempt for better statistical estimation, we performed a stepwise analysis of covariance (Table 2 ). In both 2002 and 2003, soldier proportion was significantly affected by proportion of unwinged adult, colony size and season. Proportion of adult sexupara had a significant effect only in 2002, and presence of syrphid larvae had a significant effect only in 2003, although the levels of statistical significance were not high, respectively.
DISCUSSION
We collected 229 natural colonies of C. arma, and examined ecological parameters in the colonies such as colony size, colony composition, soldier proportion, and predator abundance. We monitored temporal changes in these ecological parameters in natural populations for two years. This study provides the first comprehensive survey of the population dynamics and ecology of a pemphigine soldier-producing aphid, C. arma.
Previous works on other social aphids demonstrated or suggested several environmental factors that affect soldier caste production: aphid density in Tuberaphis styraci (Shibao et al., 2004a) ; ant tending in Pseudoregma sundanica (Shingleton and Foster, 2000) ; colony size, predator abundance, host plant condition and seasonal change in Pseudoregma bambucicola (Sakata et al., 1991; Sunose et al., 1991; Shibao, 1998 Shibao, , 1999 . In this study, statistical analyses of natural colonies indicated that soldier proportion was affected by several ecological parameters such as proportion of unwinged adults, colony size, and seasonal change (Tables 1 and 2 ). Therefore, it is conceivable that one or more of these factors may be involved in the control of soldier production in C. arma. To our knowledge, this study provides the first analysis of environmental factors related to soldier caste production in a pemphigine social aphid.
It should be noted, however, that such statistical analyses can detect only correlations but not causal relationships. To establish which of these factors certainly affects soldier production in C. arma, future experimental studies are needed. In T. styraci, development of an artificial diet rearing system has enabled exquisite experimental approaches to the mechanisms underlying soldier differentiation and control (Shibao et al., 2002 (Shibao et al., , 2003 (Shibao et al., , 2004a . Development of similar experimental system for C. arma is desirable.
As for production of sexuparae and midget nymphs, clear and consistent patterns were detected: sexuparae were produced in late September and midget nymphs were produced in October (Figs. 2 and 4) . The production of sexuparae and midget nymphs in autumn biologically makes sense, because these morphs are involved in overwintering on either primary host plant or secondary one. The production of these morphs might be 242 N. IJICHI et al. triggered by environmental factors related to the season, such as short photoperiod and low temperature. It appeared meaningful that high soldier proportion was also observed in late autumn in 2002, but the pattern was not obvious in 2003 (Fig. 4) .
Colony size of C. arma was small in July and became larger in August and on (Fig. 1) , which probably reflects the phenology of the host plant C. stans that blooms in August and September (Dohzono and Suzuki, 2002) . In summer, colonies of C. arma are usually small and found on the stem of shoots. In autumn, large colonies are frequently found on the peduncles where nutritious photosynthetic products are actively transported to make flowers. The population dynamics of C. arma reflecting the plant phenology probably enables the production of large numbers of sexuparae and midget nymphs in autumn. Similar population dynamics, large colony size and winged morph production in autumn, have been found in other social aphids such as P. bambucicola and T. styraci (Sunose et al., 1991; Itô et al., 1995; Shibao, 1999; Shibao et al., 2004a) .
Among soldier-producing aphids, P. bambucicola has been a model species whose ecology, behavior and evolution have been extensively investigated (see Ijichi et al., 2004) . Owing to the development of an artificial diet rearing system (Shibao et al., 2002) , T. styraci has recently become an experimental model species of social aphid. These social aphids belong to the tribe Cerataphidini in the subfamily Hormaphidinae. On the other hand, C. arma belongs to a different aphid group; the tribe Eriosomatini in the subfamily Pemphiginae (Blackman and Eastop, 1994) . Therefore, C. arma can be another important model species that will enable us to comparatively investigate the diversity and evolution of aphid social systems. 
